be synthesized by several approaches, such as sulfuric acid H 2 SO 4 -promoted Fischer esterification reaction 7 and so on 5 . These approaches have some disadvantages, eg.
complex operations, easy formation of by-products, which will increase the difficulty of the purification. H 2 SO 4 , used as a cheap mineral acid, has widely applications in industrial scale esterification reactions. However, reactions catalyzed by H 2 SO 4 can lead to corrosion of equipments, high temperature carbonization and so on. Though lipase catalysis can be conducted under mild reaction conditions, but the reaction time is so long 24-72 hours , the lipase reagents are too expensive and easy to deactivate, which will limit their wide applications 4, 6 .
Ionic liquids ILs are composed entirely of organic cations and organic or inorganic anions. In recent years, ILs have attracted much interest as promising catalysts and alternative solvents for many reactions because of their low melting points, negligible vapor pressure, noninflammability, reusability, excellent thermal stability, low corrosivity and tunable polarity 8 14 . ILs functionalized with specific functionality groups have been intensively studied. Among these functionalized ILs, the SO 3 H-functionalized ILs showed higher catalytic activities than non-functionalized ILs under mild reaction conditions, because the existence of SO 3 H-functionalized groups can obviously enhance their acidities and solubilities 13, 15, 16 . Therefore, SO 3 H-functionalized ILs have exhibited good catalytic performance in esterification 12, 13 , transesterification 14, 17 and other reactions 8 .
The aim of this work was to investigate the esterification reaction of caffeic acid with propanol using different acidic ILs as catalysts. The correlation between the acidities and catalytic activities of ILs was investigated. Effect of substrate molar ratio, reaction temperature, catalyst loadings and initial water content were also studied in this work.
Methods and materials

Materials
Caffeic acid purity 98.0 was purchased from Sinopharm Chemical Reagent Co., Ltd China ; Propanol purity 99.5 was purchased from Alfa Aesar Chemical Co., Ltd China ; Acidic ionic liquids were obtained from Shanghai Chengjie Chemical Co., Ltd China ; Methanol and molecular sieve 4A were purchased from Tianjin Kemiou Chemical Reagent Co., Ltd China .
General synthesis of propyl caffeate
Esterification reactions were carried out in 10mL reaction tube. Caffeic acid and propanol were weighed into the reaction tube and the reaction was initiated by the addition of acidic ionic liquids Scheme 2 . The mixture was stirred in oil bath for 6 hours. After stopping the reaction and cooled to room temperature, the excess propanol was removed by evaporation at reduced pressure. Then the products were extracted with ethyl acetate, washed with saturated aqueous NaCl, dried over Na 2 SO 4 , and filtered. After solvent evaporation at reduced pressure, the crude reaction mixtures were obtained. Propyl caffeate was purified using column chromatography. Using chloroform and methanol as eluants, the gradient of chloroform and methanol was 100:1, and then pure propyl caffeate was isolated.
HPLC Analysis
10 μL aliquots of the well-stirred reaction mixture were withdrawn at intervals for HPLC analysis. The reactants were analyzed using HPLC Waters 2695 with a C18 reverse phase column 4.6 150mm, 3.5 μm at 30 , and eluted with a binary ingredient of solvent A water containing 0.5 glacial acetic acid and solvent B 100 , methanol at 0.8 ml/min. Isocratic elution was adopted with the volume ratio of A and B 35:65. UV detection wavelength was 280 nm. The conversion of caffeic acid and yield of propyl caffeate were quantified by external standard method.
Determination of the Hammett acidity function of ionic liquids 18
4-nitroaniline was dissolved in ethanol to afford 4-nitroaniline solution 40 mmol/L . And different ionic liquids 30 mmol/L were dissolved in indicated 4-nitroaniline solution, respectively. Then their UV-vis spectra were recorded on a UV-visible spectrophotometer at room temperature.
3 Results and discussion 3.1 Synthesis and structure characterization of propyl caffeate Propyl caffeate was obtained based on the procedure described in section 2.2 under optimized reaction conditions, which afforded the desired product as white powder in 90 isolated yield. And the structure of propyl caffeate was confirmed by NMR spectroscopy. 1 
Catalytic Performance of Acidic Ionic Liquids ILs
The esterification reactions of caffeic acid and propanol using different acidic ILs as catalysts Scheme 3 were conducted with a 1:20 molar ratio of caffeic acid to propanol and 15 catalyst loading relative to the total weight of caffeic acid and propanol at 80 . The effect of different acidic ILs on the conversion of caffeic acid and yield of propyl caffeate was shown in Fig. 3 a and b . With the increasing of reaction time, the conversion of caffeic acid and the yield of propyl caffeate increased gradually, and then 4 . To the best of our knowledge, the acidity of catalyst had important effect on the esterification reactions, and higher acidity led to faster reaction rate. Therefore, the acidities of these ILs were determined using 4-nitroaniline as indicator in ethanol 18 . The absorbance of 4-nitroaniline in acidic
ILs were determined by UV/VIS spectrometer, and the results were shown in Fig. 4 and Table 1 . It can be seen that the acidity of ILs was consistent with the catalytic activity of them. As the acidity of IL is stronger, the catalytic Scheme 3 Structural formula and abbreviations of acidic ionic liquids (IL). activity is higher. Based on the above results, BSO 3 HMIM TS was selected as the best catalyst for this esterification.
3.3 Effect of substrate molar ratio on the esteri cation reaction The esterification reaction between caffeic acid and propanol is a reversible reaction. A higher equilibrium conversion and yield can be obtained if the reverse reaction is inhibited. In this system, using excess propanol is more convenient to shift the equilibrium toward the desired esterification product.
The effect of substrate molar ratio on the conversion of caffeic acid and yield of propyl caffeate was shown in Fig. 5 a and b . As the molar ratio of caffeic acid to propanol increased from 1:10 to 1:20, conversion of caffeic acid increased from 13.6 1. 8 h respectively. Further increase the substrate molar ratio of caffeic acid to propanol led to a decrease in the conversion of caffeic acid and yield of propyl caffeate because the use of large excess amount of propanol could obviously decrease the concentration of caffeic acid. Therefore, the optimum substrate molar ratio of caffeic acid to propanol was 1:20.
3.4 Effect of reaction temperature on the esteri cation reaction Reaction temperature is one of the most important parameters affecting the conversion of caffeic acid and the yield of propyl caffeate during the esterification reaction. Figure 6 a and b showed the effect of reaction temperature on the conversion of caffeic acid and the yield of propyl caffeate. The conversion of caffeic acid and yield of propyl caffeate increased gradually as the reaction time , further increasing the heating temperature will lead to solvent volatilization. Therefore, 90 was selected as the suitable reaction temperature and used in the subsequent optimization experiments.
Effect of catalyst loading on the esteri cation reaction
The amount of acidic ionic liquid catalyst loading also has important influence on the reaction rate. A series of experiments were performed using BSO 3 HMIM TS as catalyst with different catalyst loadings. The effect of catalyst loading was shown in Fig. 7 a and b . With increasing the amount of acidic ionic liquid from 10 to 40 , the conversion of caffeic acid increased from 91.9 0.9 to 98.8 0.2 and the yield of propyl caffeate from 91.9 0.6 to 98.7 0.3 . Continuing increasing the catalyst loading 60 -80 , the conversion of caffeic acid and yield of propyl caffeate were almost maintained at the same level. Taking the cost into consideration, the optimum catalyst loading was 40 .
3.6 Effect of amount of molecular sieves on the esteri cation reaction Water is the by-product of the esterification reaction of caffeic acid with propanol. Thus, the amount of molecular sieves is also an important factor in most esterification reactions. Figure 8 showed that the conversion of caffeic acid and the yield of propyl caffeate increased sharply within the original 2 h, then reached equilibrium. The amount of molecular sieves did not have obvious influence on the conversion of caffeic acid and the yield of propyl caffeate. Without molecular sieves, the conversion of caffeic acid was improved from 51.1 0.7 to 98.8 0.9 , the yield of propyl caffeate was improved from 50.4 0.5 to 98.7 0.8 . Therefore, the employment of molecular sieves to remove the formed water was not required here.
3.7 Effect of initial water content on the esteri cation reaction Since the molecular sieves were not required in our systems, the effect of initial water content on the esterification reaction was shown in Fig. 9 . When initial water content v/v was 2 and 5 , it had slight influence on the beginning reaction rate or the reaction time to equilibrium . However, the conversion of caffeic acid and yield of propyl caffeate were influenced significantly when initial water content was more than 5 eg. 10 and 20 . Therefore, the esterification reaction of caffeic acid with propanol can proceed efficiently when initial water content was below 5 . No extra molecular sieve was needed to remove water generated in the reaction process.
Kinetics of the esteri cation of CA with propanol
According to the results in Fig. 6 , the conversion of CA reached a stable value after 4 h at 80 or 90 . The pseudo-homogeneous model did not take into account the sorption effect into the catalyst in a reactant medium 19 . If the reaction mixture is considered as a single liquid phase, the performance of the pseudo-homogeneous model could be considered as a satisfactory method to correlate the esterification of CA with propanol catalyzed by acidic IL. This esterification of CA with propanol is represented as follows:
where A is CA, B is propanol, E is PC and W is water. This reaction can be considered a second order reaction. Therefore, the rate equation can be written as following equation: 
where c A0 is the initial concentration of CA, c B0 is the initial concentration of propanol and M is the concentration ratio of propanol to CA M c B0 /c A0 . At equilibrium, dc A /dt 0 and thus, the equilibrium constant Ke can be calculated from following equation:
x Ae is the conversion of CA at equilibrium stage, and Ke is the equilibrium constant. If Eq. 4 is integrated and rearranged, Eq. 5 in its linear form is obtained as follows:
where
The results of plotting the left-hand-side of Eq. 5 vs. reaction time t are presented in Fig. 10 , from which it can be seen that straight lines passing through the origin were obtained. All straight lines gave a good linear correlation lying in the R 2 range of 0.988-0.998, which clearly shows that the proposed kinetic model is appropriate for this reaction. The forward reaction rate constant k 1 , was obtained from the slope of the lines in Fig. 10 at different reaction temperatures. The dependence of the forward rate constant k 1 on the reaction temperature is described by the Arrhenius Law, as given in Eq. 6 : where, A is the pre-exponential factor, E is the activation energy, R is the idea gas constant and T is the reaction temperature K . The activation energy is 33.6 kJ mol 1 , which confirms that acidic IL possesses a high catalytic activity in the synthesis of PC.
Conclusions
Among all acidic ionic liquids tested, BSO 3 HMIM TS, as an efficient catalyst with the strongest acidity, showed the best catalytic performance for the esterification reaction of caffeic acid and propanol. The highest yield of propyl caffeate 98.7 0.8 have been achieved under the optimum as follows: molar ratio of caffeic acid to propanol was 1:20, reaction temperature was 90 , the amount of catalyst acidic ionic liquids was 40 calculated by the total quality of reactant . The relationship between temperature and the forward rate constant gave the activation energy of 33.6 kJ mol 1 , which indicated that BSO 3 HMIM TS possesses high catalytic activity in the synthesis of PC. Importantly, this reaction system can proceed efficiently when initial water content lower than 5 . Therefore, these acidic ionic liquids catalyzed esterification reaction exhibits excellent potential for the synthesis of propyl caffeate and related compounds. 
